Background: vasovagal syncope is the most common cause of syncope in all age groups, with diagnosis usually based on history, examination and basic investigations to exclude alternative causes of syncope. Where doubt exists, the head-up tilt (HUT) test is used for diagnosis but is time consuming and lacks a gold standard to accurately assess sensitivity and specificity. Alternative methods of diagnosing vasovagal syncope would thus be useful. Objective: to investigate the potential for impedance cardiography (ICG)-derived haemodynamic measures to predict HUT test outcome in unexplained syncope. Design: prospective controlled study. Subjects: eighty-six patients with unexplained syncope and 43 non-syncopal controls. Methods: all subjects underwent continuous heart rate, blood pressure and ICG measurements during 10 min supine rest and during HUT. Vasovagal syncope was diagnosed when patients experienced symptom reproduction with concomitant haemodynamic derangements. Results: during rest prior to HUT, the syncopal group had higher mean heart rate (P = 0.0008) and lower baroreceptor effectiveness index (P < 0.0001) compared to non-syncopal controls. On comparing patients who presented with unexplained syncope who subsequently had a positive HUT (therefore a diagnosis of vasovagal syncope 55 [64%]; mean age 47 years, range 17-85) to those having a negative tilt test (n = 31; mean age 47 years, range 17-88), there were no significant differences found in cardiovascular or autonomic parameters prior to HUT. A predictive ROC curve model at a 85% threshold allowed using cardiac index (CI), end-diastolic index (EDI) and left ventricular work index (LVWI) would identify those who would have a positive HUT from baseline cardiovascular measurements (CI >3.5, EDI > 77, LVWI >4.7) with 93% sensitivity and 17% specificity. Conclusion: supine haemodynamic measures derived from transthoracic ICG can simply, non-invasively and sensitively differentiate HUT-positive patients from those with negative tilt tests. Further work is needed, particularly in older patients, before this technique can be used in clinical practice.
Introduction
Vasovagal syncope is themost common cause of syncope in the general population and is the most frequently diagnosed cause of syncope in both specialist and non-specialist practice [1, 2] . The syndrome is usually diagnosed through a combination of careful history, clinical examination and surface electrocardiogram to exclude both non-cardiac and cardiac causes of syncope [1, 2] . Where the diagnosis is uncertain, for example in older patients with cognitive impairment or unheralded syncope [3] , or where syncope is associated with injury or a driving or occupational imperative for formal diagnosis, prolonged head-up tilt (HUT) table testing with or without pharmacological or mechanical provocation is the standard investigation [1] [2] [3] [4] [5] . The test has reasonable specificity, sensitivity and reproducibility [1] [2] [3] [4] , but has been criticised for the absence of a gold standard (with the inherent difficulties in assessing sensitivity and specificity [6] ), its reliance on symptom reproduction as surrogate for positivity, prolonged duration and limited usefulness in those with typical symptoms [7] . To circumvent some of these issues, several attempts have been made to predict tilt test outcome Impedance cardiography in VVS using tilt-derived haemodynamic and autonomic function data including baroreflex gain [8] , total peripheral vascular resistance [9] and asymptomatic systolic blood pressure reductions [10] but none have found acceptance in clinical practice [1] [2] [3] [4] .
Impedance cardiography (ICG) was initially developed by NASA in the 1960s to remotely monitor cardiac output in its astronauts [11] , but in the last decade has attracted much interest in clinical settings as diverse as heart failure management [12] , critical care [13] and haemodialysis monitoring [14] . ICG non-invasively measures changes in thoracic impedance generated by fluctuating blood volumes during the cardiac cycle, allowing calculation of stroke volume, cardiac output and other derived parameters [13] . In recent years, ICG accuracy has been greatly facilitated by the advent of beat-to-beat blood pressure monitoring, with results obtained equivalent to conventional invasive methods [13] [14] [15] with an electrode cost of ∼£10 per test. Recent reports have explored the usefulness of ICG in the HUT-related investigation of vasovagal syncope [16] [17] [18] [19] [20] , though current guidelines [1, 2, 7] make no mention of the technique in the investigation of unexplained syncope.
We therefore set out to investigate whether ICG-derived haemodynamic data and autonomic function measures could accurately predict HUT outcome (and hence vasovagal syncope diagnosis) in consecutive patients undergoing tilt testing as part of their diagnostic work-up for unexplained syncope.
Methods
This study was performed in two parts. In part 1, baseline haemodynamic characteristics were compared between syncopal subjects and controls. In part 2, we compared haemodynamic, autonomic and cardiovascular parameters obtained during HUT in those who subsequently had a positive HUT with those who had a negative test.
The syncopal patient group
Consecutive patients with unexplained syncope attending our tertiary referral falls and syncope service were included. All subjects were routinely undergoing HUT table testing following detailed investigation per national [2] and international guidelines [1, 7] . All had normal surface electrocardiograms and no evidence of structural heart disease per clinical examination and/or echocardiograph.
Control population
A series of controls were recruited through notices in the university and hospital. Controls were excluded if they had experienced previous syncopal or pre-syncopal episodes. Controls underwent the same protocol as the patients.
Head-up tilt protocol
Patients and controls underwent HUT using the Italian protocol [21] , with all cardiovascular assessments carried out with continuous heart rate and beat-to-beat blood pressure and ICG [11, [13] [14] [15] measurement, (TaskForce:CNSystems, Graz, Austria) supine for 10 min, during 20 min passive tilt and 15 min of 400 mcg provoked tilt. Vasovagal syncope was diagnosed using recognised diagnostic criteria, namely symptom reproduction with concomitant characteristic haemodynamic derangements [2] . Subjects who completed all phases of the HUT without symptoms were considered to be in the negative group. HUT was terminated if syncopal or presyncopal symptoms were reproduced, or at the patient's request or if systolic blood pressure was <80 mmHg for longer than 3 min. Reproduction of symptoms in association with hypotension and/or bradycardia per evidence-based guidelines [2] was considered to be a positive test. Those subjects who had symptoms during the HUT with no change in heart rate or blood pressure were considered to have had a false-positive HUT and were excluded from further analysis.
Assessment of autonomic parameters
The integrity of the autonomic nervous system was assessed during HUT using baroreflex sensitivity (BRS) and baroreceptor effectiveness index (BEI; quantifies the number of times the baroreflex is effective in driving the sinus node) calculated by the Taskforce using the 'sequence method' [22] and heart rate variability (HRV), using spectral analysis [23] .
Impedance cardiography
Standard and accepted ICG parameters were evaluated. Myocardial contractility was measured as IC, ACI and ejection fraction. Afterload was measured as total peripheral resistance (TPRI) and preload as end-diastolic index (EDI). Other ICG variables were normalised for body surface area to provide cardiac index (CI; cardiac output normalized for body surface area), stroke index (SI) and left ventricular ejection time (LVET; time interval from the opening to the closing of the aortic valve (mechanical systole)) [15] .
Statistics
Where variables were parametric, data were presented as mean and standard deviation and comparisons were drawn between groups using Student's t-test. Where variables were non-parametric, data were presented as median and range and comparisons drawn using Mann-Whitney tests. Correlation analyses and logistic regressions were obtained using 'PrismGraphpad' (http://www.graphpad.com/prism/Prism.htm). Receiver operating characteristic (ROC) analysis was used to determine the parameters that discriminated between predictors of a positive test and then used to determine sensitivity and specificity of a range of diagnostic models. ROC analysis provides a means to assess the diagnostic accuracy of a test and to compare the performance of more than one test for the same outcome. ROC curves are a plot of the sensitivity against false-positivity (sensitivity vs. (1 − specificity)) over all values available (rather than the single point calculations used in other means of assessing diagnostic accuracy) and hence allow the evaluation of the balance between sensitivity and specificity of a diagnostic test over a variety S. W. Parry et al. The negative group patients were those who underwent head-up tilt (HUT) and experienced no symptoms or haemodynamic change, whilst the positive group patients were those who experienced reproduction of syncopal symptoms in association with hypotension and/or bradycardia during HUT.
of cutpoints. ROC curves were generated using 'Analyse-it' (http://www.analyse-it.com/). A P-value <0.05 was considered a statistically significant result.
Ethical permission
Ethical permission was obtained for the study of control subjects from the Newcastle and North Tyneside Local Research Ethics Committee. For the patient group, written permission was obtained for the use of data obtained during clinical management and this documentation was also reviewed and approved by our institution.
Results
Ninety unselected, consecutive syncopal patients who attended for 20:15 HUT over a 6 month period were included. Four had a false positive test and were excluded from further analysis. Therefore, the remaining 86 patients with unexplained syncope were matched group wise to 43 age-and sex-matched non-syncopal controls [mean (SD) age 47 (20) vs. 51 (7); ns].
Comparing syncopal versus non-syncopal subjects during the rest period During 10 min rest, the syncopal patient group had significantly higher mean heart rate [73 (12) vs. 66 (9); P = 0.0008] and significantly lower baroreceptor effectiveness index [55 (21) vs. 70 (16); P < 0.0001] compared to the non-syncopal control group. There were no significant differences between those who had a positive HUT compared to negative HUT in age, sex, the proportion taking culprit medications and the presence of co-morbidity (Table 1) .
Differences in haemodynamics between syncopal subjects who have a positive compared to those who have a negative 20:15 HUT Fifty-five (64%) of the 86 syncopal subjects had a negative HUT, and 31 subsequently had a positive test. There were no significant differences between those who had a positive and those who had a negative HUT test in cardiovascular or autonomic parameters measured during 10 min of rest in supine position prior to tilting to 70
• . There were, however, differences in central haemodynamic parameters as assessed by ICG, with those having a positive test having higher cardiac index, end-diastolic index and left ventricular work index (Table 2) . These three significantly different variables were entered into a ROC curve model at a variety of thresholds. The most reliable model proved to be when the three variables were considered in the model at a threshold of 85% sensitivity (Figure 1 ). This allowed development of a predictive model that would identify those who would have a positive HUT from baseline cardiovascular measurements (CI >3.5, EDI >77, LVWI >4.7) with 93% sensitivity and 17% specificity.
Discussion
Our data show that supine, resting haemodynamic parameters derived from transthoracic ICG can simply, noninvasively and sensitively differentiate HUT-positive patients from those with negative tilt tests. This, the first prospective study involving asymptomatic controls to assess the role of ICG in vasovagal syncope diagnosis, showed that cardiac index, left ventricular work index and end diastolic index fitted to a ROC curve model at specific thresholds allowed the development of a predictive model that would identify syncopal patients with a positive HUT with 93% sensitivity and 17% specificity.
In the absence of a gold-standard diagnostic test, the HUT is currently the only test available to aid clinicians for the diagnosis of vasovagal syncope, where history, clinical examination and surface ECG to exclude alternative causes are unhelpful [1] [2] [3] [4] [5] [6] [7] [8] . The test takes a minimum of 30 min even with the shortest nitrate-provoked protocols [6] , while reliance on symptom reproduction (usually syncope) during appropriate haemodynamic changes is unpleasant for patients. These issues prompted several attempts to find an alternative to HUT testing in the diagnosis of vasovagal syncope particularly in groups where standing for long periods of time might be difficult, including older patients with mechanical difficulties. Early invasive studies using heterogeneous groups with unexplained syncope demonstrated that haemodynamic changes may predict syncope [24] [25] [26] with a small study estimating that the time delay between systolic and diastolic peaks of the finger arterial pressure wave form and large artery stiffness index predicted tilt positivity with 81% sensitivity and 96% specificity [27] . However, the importance placed upon a factor (arterial stiffness) unlikely to play a significant part in vasovagal syncope pathophysiology is questionable [27] . Several studies have shown that heart rate variability (HRV) increases before syncope, though there has been no definitive study specifically to guide clinical practice [1, 28, 29] . Others have shown that systemic vascular resistance reduces in those with a positive HUT at the time of syncope compared to those who have a negative HUT [30, 31] .
None of these techniques have gained acceptance in the search for an alternative to HUT testing. The advent of ICG has meant that central haemodynamics could be accurately monitored non-invasively [16, 17] . An elegant series of studies from one laboratory examined the role of ICG in more detail [18] [19] [20] . In the initial retrospective study, Bellard et al. examined the central haemodynamic records of 68 patients during the supine rest and subsequent HUT [18] . They found that a model incorporating changes in baseline slow ejection time (representing late systole) and heart rate, systolic and diastolic blood pressure and pulse pressure during tilt provided 50% sensitivity and 97% specificity for subsequent positive tilt, though slow ejection time did not change around the time of syncope in positive patients [18] . A later study by this group found that neural network modelling of ICG-derived LVET and the slopes calculated from maximum and minimum impedance during tilt along with age and sex allowed 88% sensitivity and 64% specificity in predicting a positive tilt outcome [19] . The authors acknowledge the major limitation of this study, namely the technical difficulties of measuring LVET using ICG. Our results are both consonant with, and an advance on, Schang et al.'s findings. We have shown that supine prediction of tilt positivity is achievable in a falls and syncope clinic with current user-friendly technology albeit with specificity reminiscent of provocative tilt studies. The haemodynamic variables predicting tilt positivity not only made statistical but potentially pathophysiological sense. EDI (in essence the amount of blood remaining in the ventricle at the end of diastole adjusted for body surface area) is a powerful predictor of preload status, and while there is only a small venous pressure gradient between peripheral vasculature and the heart, the higher EDI in tiltpositive patients may reflect chronic alterations in venous capacitance (and hence venous pooling) that predispose the individual to vasovagal events. CI and LVWI (cardiac output and left ventricular work adjusted for body surface area) were also significantly higher in tilt-positive patients. Both of these impedance parameters strongly parallel myocardial oxygen consumption, while LVWI is a powerful indicator of the amount of work the left ventricle must perform to pump blood each minute and rises and falls with changes in arterial blood pressure and volume.The ROC curve model with the highest sensitivity incorporated these variables at the higher end of the normal ranges in these individuals, raising the possibility that the lower arterial compliance noted by others [18, 25] during supine rest in vasovagal patients may reflect further chronic capacitance vessel pooling. Relative compensatory increases in CI and LVWI are therefore necessary to combat the tendency to faint. Our findings provide evidence for chronic capacitance vessel pooling rather than the conventionally accepted acute venous pooling as the major physiological abnormality and predisposing factor to faints in patients with vasovagal syncope. To our knowledge, this is a novel hypothesis and is strongly supported by our findings.
It is interesting to note the absence of any difference in HRV, BRS or BEI between any of the groups. Others have noted differences between tilt positive and negative, and vasovagal and control subjects in these parameters which suggest baroreflex deactivation in vasovagal subjects [28, 29, 32] . We found no such differences, though syncopal subjects S. W. Parry et al.
as a whole had significantly higher heart rates and lower BEI at rest than asymptomatic controls. If these finding were to apply only to tilt positive vasovagal subjects, one could speculate that this relatively enhanced tachycardic response was an appropriate response to relative baroreceptor deactivation, as previously noted by Pitzakis et al. [32] . It may be that the more heterogeneous syncope group had more patients with a vasovagal predisposition than was uncovered by a single tilt test, making a type II error a strong possibility.
While our data are suggestive of a possible role for ICG in supplanting HUT in the diagnosis of VVS, the more work is needed before the latter cheap, safe and more readily accessible test is abandoned. Tilt testing can be performed with relatively little in the way of specialist equipment. While beatto-beat blood pressure monitoring is desirable, tilt testing can be performed with less exact blood pressure measures, while current ICG measures require sophisticated hardware and software for data recording and analysis. The modest cost of the specialised electrodes (£10.00) needs to be balanced against this added set-up cost when considering the costs and benefits of ICG testing in the future.
Limitations
While the TaskForce Monitor's ICG system is highly sensitive and validated in a variety of settings and patient groups [13] [14] [15] , stroke volume and cardiac output may be slightly inaccurate in those with significant valvular disease, reduced aortic compliance and with significant thoracic fluid accumulation [15] . Our patients were relatively young, and underwent detailed clinical examination to exclude these problems, but occult arteriosclerotic disease may still have been present in a small proportion. These factors must be accounted for in future studies incorporating older individuals.
In conclusion, supine haemodynamic measures derived from transthoracic ICG can simply, non-invasively and sensitively differentiate HUT-positive patients from those with negative tilt tests. Our data suggest that the pattern of the central haemodynamic indices of most use in differentiating tilt positive patients may reflect a tendency to chronic capacitance vessel pooling in vasovagal patients. This is a novel finding that requires further investigation. Future studies are needed to explore the technique and our predictive model further, with the eventual aim of replacing the tilt test with these simple measures.
Key points
r Impedance cardiography is a powerful tool in assessing central haemodynamics and can now be measured noninvasively. r Comparing HUT testing in tilt-positive patients and controls. r ICG was sensitive but less specific in VVS diagnosis. r ICG may have a role in complementing or replacing tilt testing in VVS diagnosis.
